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The a 3q core of Escherichia coli DNA polymerase III
(Pol III) associates with the b2 sliding clamp to proc-
essively synthesize DNA and remove misincorpo-
rated nucleotides. The a subunit is the polymerase
while 3is the 30 to 50 proofreading exonuclease. In
contrast to the polymerase activity of Pol III, dynamic
features of proofreading are poorly understood.
We used single-molecule assays to determine the
excision rate and processivity of the b2-associated
Pol III core, and observed that both properties are
enhanced bymutational strengthening of the interac-
tion between 3and b2. Thus, the 3-b2 contact is main-
tained in both the synthesis and proofreading
modes. Remarkably, single-molecule real-time fluo-
rescence imaging revealed the dynamics of transfer
of primer-template DNA between the polymerase
and proofreading sites, showing that it does not
involve breaking of the physical interaction between
3and b2.
INTRODUCTION
Chromosomal replicative DNA polymerases such as the Escher-
ichia coliPol III holoenzymepromote thecovalent incorporationof
complementary nucleotides to copy a single-stranded DNA
(ssDNA) template with a significant intrinsic error rate (104 to
105 per nt incorporated). When they incorporate non-comple-
mentary nucleotides, replicative polymerases switch between
DNA polymerization and proofreading modes to remove the mis-
matched nucleotides using an associated 30/50 exonuclease.
This proofreading activity increases the fidelity of DNA synthesis
by as much as 1,000-fold (Kunkel, 2004; Johansson and Dixon,
2013). Since most known chromosomal replicases have their
proofreading functions embedded in structured domains in the
same polypeptide chain as the polymerase (Johansson and
Dixon, 2013; Rock et al., 2015), this transition involves a large-
scale conformational change that transfers the primer-templateCell Chebetween the spatially separated polymerase and exonuclease
active sites (Shamoo and Steitz, 1999; Franklin et al., 2001).
Detailed kinetic studies of phage T7 and other DNA polymerases
withmatchedandmismatched templateshave elucidated thede-
terminants of this transition (Donlin et al., 1991; Capson et al.,
1992; Carver et al., 1994). Crystal structures of proofreading do-
mainsuniversally showthat3–4basepairs (bp) at themismatched
terminus need to be trapped by thermal melting to allow the 30
mismatched primer terminus to reach the exonuclease active
site (Steitz et al., 1987), and thismay representa slowand temper-
ature-dependent step in initiation of exonuclease activity (Breno-
witz et al., 1991; Echols and Goodman, 1991).
However, in E. coli and many other proteobacteria, the proof-
reading and polymerase functions of the Pol III replicase reside in
separate, interacting subunits (Scheuermann and Echols, 1984),
and the transition between the twomodes has been proposed to
occur by a fundamentally different, but still poorly understood
mechanism (Ozawa et al., 2013). The catalytic core of E. coli
Pol III contains three subunits: a (polymerase), 3(exonuclease),
and q (which binds to 3, but not a) (Lehtinen and Perrino, 2004;
McHenry, 2011). When associated with the b2 sliding clamp,
the core alone achieves fast (350 bp s1), processive
(1.4 kb) and high-fidelity DNA synthesis (Echols and Goodman,
1991; Tanner et al., 2008). The ring-shaped homodimeric clamp
(Kong et al., 1992) encircles the double-stranded (ds) primer-
template DNA and stabilizes the core on it in the polymerization
mode through both of its symmetry-related hydrophobic protein-
binding pockets (Jergic et al., 2013; Toste Reˆgo et al., 2013).
Proteins that interact with these pockets on the clamp generally
do so through short unstructured clamp-binding peptide motifs
(CBMs) (Dalrymple et al., 2001; Yin et al., 2013), and the Pol III
core contains two of them. One CBM, located at the tip of the fin-
gers domain of a, binds relatively strongly to the clamp (Dohr-
mann and McHenry, 2005), while the other is a weakly binding
CBM (Jergic et al., 2013) at the end of the N-terminal exonu-
clease domain of 3(Hamdan et al., 2002a). The CBM in 3is in
an otherwise unstructured linker region that connects to the
C-terminal a-binding region (Jergic et al., 2013; Ozawa et al.,
2013). This linker, about 14 residues in length, remains unstruc-
tured even in a stabilized a 3q-b2 complex (Ozawa et al., 2013).
Dissociation of the 3CBM from the clamp would thus lead to a
situation where 3q would remain flexibly tethered to a.mical Biology 25, 57–66, January 18, 2018 ª 2017 Elsevier Ltd. 57
Use of mutant versions of 3that contained weakened and
strengthened CBMs in single-molecule leading strandDNA repli-
cation assays showed that strengthening the direct interaction
between 3and b2 enhances both the rate and processivity of
DNA synthesis, but not the lifetime of the replicase on DNA, indi-
cating that this interaction is intact in the polymerization mode,
but does not directly stabilize the polymerase on the DNA (Jergic
et al., 2013). This led us to suggest that the Pol III core must
frequently transition between two conformational states termed
‘‘open’’ and ‘‘closed’’ based on X-ray crystal structures (Bailey
et al., 2006; Lamers et al., 2006; Wing et al., 2008), where the
3-b contact is broken in the open state, which might be signaled
when the polymerase is stalled by incorrect nucleotide incorpo-
ration or upon encountering a lesion in the DNA template (Jergic
et al., 2013; Ozawa et al., 2013). Intuitively, it seemed likely that
replicase stalling by either mechanism would signal similar
conformational change in the Pol III core, and release of the
3-b2 contact would have an obvious role in exposing a hydropho-
bic cleft in b2 for entry of a translesion (TLS) polymerase like
Pol IV or Pol V (Kath et al., 2014); both of these polymerases
have CBMs that interact with the cleft in b2.
Nevertheless, Toste Reˆgo et al. (2013) showed, using an indi-
rect assay, that weakening of the 3-b2 interaction negatively
impacted on the exonuclease activity of the Pol III core, suggest-
ing that this interaction persists in the proofreading as well as the
polymerization mode. The exchange between the polymerase
and the exonuclease domains is strongly influenced by the pres-
ence of dNTPs, as demonstrated for various polymerases by
bulk assays (Donlin et al., 1991; Capson et al., 1992; Carver
et al., 1994) and for E. coli Pol I (Klenow fragment) using sin-
gle-molecule fluorescence methods (Christian et al., 2009; San-
toso et al., 2010; Berezhna and Gill, 2012; Lamichhane et al.,
2013). Until now, however, the corresponding dynamics of Pol
III in the proofreadingmode have not been studied to yield similar
insights.
Using single-molecule techniques, we have now visualized the
proofreading activity of individual polymerases by reconstituting
the E. coli Pol III replicase (a 3q and b2) on primer-template DNAs
with the g clamp loader (g3dd
0) to study the kinetics of the exonu-
clease activity of the a 3q-b2 complex in the absence of dNTPs.
We first addressed the question of physical contact of 3with
the clamp in the proofreading mode using ensemble and teth-
ered bead flow-stretching assays, again with Pol III cores con-
taining 3mutants with modified binding affinity for b2. Then,
single-molecule fluorescence experiments on short DNA tem-
plates were used to directly uncover an additional inactive state
during the exonuclease activity, corresponding to the transient
dissociation of 3from b2, while a remains tethered to the other
protein-binding pocket of the clamp. This inactive (open) state
impacts on both the processivity and rate of the exonuclease
activity, but does not seem to be involved in transfer of a mis-
matched primer terminus between the polymerase and exonu-
clease active sites.
RESULTS
Strand Excision by Single DNAPol III Core-b2 Complexes
We designed a multiplexed flow-stretching single-molecule
experiment to monitor the transition from ds into ssDNA as a58 Cell Chemical Biology 25, 57–66, January 18, 2018result of exonuclease activity of Pol III. The 30-biotinylated end
of the 45.7-kb dsDNA is attached to a polyethylene glycol
(PEG)-passivated coverslip through interaction with neutravidin,
and the opposite 50-digoxigenin (dig) end is linked to a bead
(2.8 mm in diameter) functionalized with anti-dig antibody (Fig-
ures 1A and 1B). A 2.5 pN hydrodynamic force is applied to
the bead, and the immobilized DNA substrate is stretched by
laminar flow, such that dsDNA is extended longer than ssDNA
(van Oijen et al., 2003). Pol III core (a 3q) and b2 are recruited by
the g clamp loader (g3dd
0) at the 30 ssDNA/dsDNA junction
comprising a 42-nt ssDNA tail linked to the anti-dig bead. The
absence of dNTPs allows observation of the exonuclease activ-
ity of a 3q-b2. We determined the position of the bead in real time
to monitor the resulting shortening of the dsDNA substrate
(Figure 1B).
To measure the kinetic parameters of strand excision by a sin-
gle replicase, we preassembled a 3q and b2 in the presence of
the next to be incorporated dNTP (dTTP), which suppresses
both the polymerase and exonuclease activities. Exchange to
buffers without nucleotides removed the free proteins and
dTTP to initiate exonuclease activity (Figure 1C). The number
of nucleotides excised was determined based on differences
in lengths between ds and ssDNA (Lee et al., 2006). The appear-
ance of a long plateau after 1,000 s in the example trajectory
(Figure 1C) indicates the dissociation of Pol III from the DNA
substrate. In contrast, in the continuous presence of all three
replicase sub-assemblies, but without any dNTPs, we observed
continuous DNA shortening (Figures S1A–S1C), indicating
that multiple Pol III complexes can reload sequentially to pro-
mote strand excision. We also used control experiments to
confirm that the shortening observed in Figure 1C requires the
activities of both 3and a correctly loaded sliding clamp (Figures
S1D–S1G).
In the one case where it has been measured, the processivity
of strand excision by the exonuclease activity of Pol III was re-
ported as 44 nt, measured in bulk using a 50-bp substrate (Re-
ems et al., 1991), but this valuemust be underestimated because
the length of the DNA was limited. For the first time, using a long
DNA substrate in the absence of dNTPs, we measured a much
longer average processivity of the exonuclease activity of indi-
vidual a 3q-b2 complexes (471 ± 78 nt; Figure 1D). Surprisingly,
the proofreading exonuclease is processive over timescales of
several minutes, which contrasts with the much shorter lifetime
of the full replisome during leading strand synthesis (Jergic
et al., 2013). The average rate of strand excision was measured
as 1.6 ± 1.3 nt s1 (Figure 1E), which is much slower than the po-
lymerase rate (350 bp s1) in strand extension by the a 3q-b2
complex (Tanner et al., 2008).
The 3-b Interaction Enhances the Exonuclease Activity
of a 3q-b2
To determine the role of the 3-b contact in the proofreading
mode, we examined the exonuclease activities of Pol III com-
plexes containing a 3q cores with two well-characterized muta-
tions in the exonuclease subunit. The mutant 3Q in which the first
residue (Q182) in the conserved CBM (QTSMAF) is replaced by
alanine binds much more weakly to b2 than wild-type 3.
Conversely, the mutant 3L, in which the CBM is changed to
QLSLPL, strongly binds to b2 (Wijffels et al., 2004; Jergic et al.,
Figure 1. Exonuclease Activity of a Preassembled a 3q-b2 Complex
(A) Construction of 45.7-kb DNA with a 50 overhang for measurement of a 3q-b2 exonuclease activity. In the presence of only dTTP, a 3q-b2 incorporates only the
first nucleotide at the dsDNA/ssDNA junction.
(B) The a 3q-b2 complex is preloaded by the g clamp loader onto the junction with dTTP, ATP, andMg
2+. The flow of the reaction buffer, including Mg2+ but without
nucleotides, initiates the exonuclease activity of the preassembled a 3q-b2.
(C) A representative trajectory over time was obtained from the length change between dsDNA and ssDNA, enabling determination of the exonuclease rate and
processivity of individual a 3q-b2 complexes.
(D and E) Histograms of the processivity (n = 42, the number of molecules) and the rate (n = 91, the number of rates measured in 42 molecules), fit to a single
exponential decay function (processivity) or single Gaussian distribution (rate). Errors are SEM from fitting errors (processivity) and SD (rate) of the distributions.
[b2] = 30 nM, [g3dd
0 ] = 15 nM, [a 3q] = 30 nM, [dTTP] = 100 mM.2013). Use of the 3L core complex enhances the rate and proces-
sivity of helicase-coupled leading strand DNA synthesis, while
use of the 3Q core decreases both parameters (Jergic et al.,
2013). We used cores containing these mutant 3subunits to
define the significance of the 3-b interaction in the proof-
reading mode.
We first analyzed the exonuclease activity of a 3Lq-b2, a 3q-b2,
and a 3Qq-b2 in an ensemble assay with singly nicked 7.3-kb cir-
cular DNA (Figures 2A and S2A). Among them, a 3Lq-b2 was the
most active in DNA degradation, while a 3Qq-b2 appeared to
have very little activity. Figure 2B shows a representative time
trajectory of 30/50 exonuclease activity of a single preassem-
bled 3L mutant replicase using the flow-stretching assay. The
exonuclease events mediated by a 3Lq-b2 were observed 50%
more frequently than those by a 3q-b2, and shortening events
mediated by the a 3Qq-b2 complex were rarely observed (2%),which is consistent with the result in the bulk measurement (Fig-
ures 2A and 2C). Taken together, these data indicate that the 3-b
interaction plays a role in loading or stabilization of the
replicase on the primed template DNA in the presence of the
incoming dNTP.
The presence of free proteins (a 3Qq or a 3Lq, b, and g clamp
loader) in solution dramatically increased the yield of exonu-
clease events (Figures S2B and S2C). These results might indi-
cate that a single a 3Qq-b2 removes less than 120 nt (the spatial
resolution of the flow-stretching assay) before it dissociates.
The processivity (810 ± 110 nt) and rate (3.2 ± 1.8 nt s1) of pre-
assembled a 3Lq-b2 were higher than those of a 3q-b2 (Figures 2D
and 2E; p < 0.01). Thus, these data clearly show that direct con-
tact between 3and b stimulates the proofreading as well as po-
lymerase activity of a 3q-b2, and that the replicase is therefore in
the closed state during both processes.Cell Chemical Biology 25, 57–66, January 18, 2018 59
Figure 2. The Exonuclease Activity of Cores
Containing 3Variants
(A) A primer degradation ensemble assay by
a 3q-b2, a 3Lq-b2, a 3Qq-b2 ( 3L, stronger binding to
b2; 3Q, weaker binding to b2). [b2] = 200 nM,
[g3dd
0] = 50 nM, [a 3q] = [a 3Lq] = [a 3Qq] = 100 nM,
[ATP] = 1 mM.
(B) A representative time trajectory of a 3Lq-b2
(orange).
(C) The ratio of the exonuclease events to the
number of DNA substrates observed: a 3Qq-b2
(2% ± 7%), a 3q-b2 (51% ± 14%), and a 3Lq-b2
(76% ± 12%). The error bars indicate SD derived
from multiple trajectories in three independent
experiments.
(D) The exonucleolytic processivities of a 3q-b2
(470 ± 80 nt; n = 42) and a 3Lq-b2 (810 ± 110 nt;
n = 130) were determined as exponential fits to the
processivity distribution [p value (p) = 2.7 3 103].
The error bars indicate fitting errors (mean ± SEM).
(E) The rates of a 3q-b2 (1.6 ± 1.3 nt s
1; n = 91) and
a 3Lq-b2 (3.2 ± 1.8 nt s
1; n = 186) were determined
after fitting a Gaussian distribution (p = 1.9 3
1012). The error bars indicate SD. In (C)–(E): [b2] =
30 nM, [g3dd
0] = 15 nM, [a 3q] = [a 3Lq] = [a 3Qq] =
30 nM, [dTTP] = 100 mM.Polymerase Exchange in the Proofreading Mode
Transient disruption of either the a-b or 3-b interaction during
proofreading could enable binding of a new polymerase to the
vacant site on b2, facilitating its access to the 3
0-primer terminus
by displacement of the previously loaded a 3q core, a dynamic
exchange process similar to those demonstrated with the phage
T7 replisome (Hamdan et al., 2007; Johnson et al., 2007; Geert-
sema et al., 2014). To test exchange among polymerase cores,
we introduced a 3DEADq without dNTPs in a sample chamber in
which a 3q-b2 or a 3Lq-b2 had been preloaded onto the DNA sub-
strate in the presence of dTTP (Figure 3A); 3DEAD is the D12A/
E14A mutant of 3, which has no residual exonuclease activity
(Fijalkowska and Schaaper, 1996) (Figure S1G), but sustains
DNA synthesis (Jergic et al., 2013). We anticipated one of three
outcomes: if dynamic exchange occurred frequently, the
observed yield of exonuclease trajectories would approach
zero within the spatial resolution of our assay, while if exchange
occurred less frequently, the processivity of the Pol III cores
would appear to be reduced. Thirdly, if exchange required com-
plete dissociation of the active cores after their dwell time on60 Cell Chemical Biology 25, 57–66, January 18, 2018DNA, processivity should be unaffected.
In fact, the yield of exonuclease events
was reduced to 20% (from 50%)
with preloaded a 3q-b2 and to 70%
(from80%) with preloaded a 3Lq-b2 (Fig-
ures 2C and 3B; the inset in Figure 3B
shows representative trajectories of indi-
vidual molecules). Moreover, the average
processivities among trajectories of mul-
tiple molecules were in each case
reduced by a factor of 2 (Figure 3C;
p < 0.01). Note, however, that the reduc-
tion is likely to be larger than this becausewe were unable to observe the shortest events. Thus, while dy-
namic exchange of Pol III cores can be observed during proof-
reading, the core-b2 complexes seem to be rather resilient to it
when in the proofreading mode.
We also observed increased exonuclease activity when a 3Lq
was added in the chamber after a 3q-b2 had been preloaded on
DNA (Figure 3D). The processivity and rate were identical to
those of a 3Lq-b2 (Figures 2E and 3D). Furthermore, an abrupt
rate change was clearly observed, confirming exchange be-
tween a 3q and a 3Lq (Figure 3E). Taken together, these observa-
tions indicate that dynamic exchange of polymerase cores can
occur before their complete dissociation from the DNA sub-
strate, but that it occurs infrequently. This is consistent with
both CBMs being in contact with the clamp for the majority of
the time the replicase spends in the proofreading mode.
Single-molecule FRET Informs on the Dynamics of
a 3q-b2
To exploit single-molecule fluorescence resonance energy
transfer (smFRET) to access detailed kinetic features, we first
Figure 3. Polymerase Exchange
(A) a 3q-b2 (or a 3Lq-b2) was preassembled with
dTTP, and subsequently a 3DEADq (or a 3Lq) was
introduced without any nucleotides. Note that b2
and g3dd
0 are not present during exchange, so
trajectories become flat when the core-b2 contact
is irretrievably lost. [b2] = 30 nM, [g3dd
0] = 15 nM,
[a 3q] = [a 3DEADq] = [a 3Lq] = 30 nM, [dTTP] = 100 mM.
(B) a 3q-b2 (or a 3Lq-b2) was preloaded on DNA with
dTTP and then a 3DEADq was infused without
dNTPs. The processivities were measured to be
250 ± 100 nt (n = 18) for a 3q-b2 / a 3DEADq and
440 ± 90 nt (n = 28) for a 3Lq-b2/ a 3DEADq, which
were significantly less than those of a 3q-b2 or
a 3Lq-b2 (Figure 2). The errors indicate fitting errors
(SEM). Inset: representative trajectories of a 3q-b2
(light blue) and a 3Lq-b2 (orange). The yield of
exonuclease events was also reduced to 17% (23/
139) and 70% (29/42) for a 3q-b2 / a 3DEADq and
a 3Lq-b2/ a 3DEADq, respectively.
(C) The exonuclease processivity obtained from
a 3q/ a 3DEADq (250 ± 100 nt; n = 18) compared
with a 3q-b2 (470 nt) (p = 9.9 3 103) and a 3Lq/
a 3DEADq (440 ± 90 nt; n = 28) to a 3Lq-b2 (810 nt)
(p = 6.1 3 106). The error bars indicate fitting
errors (mean ± SEM).
(D) When a 3q in preassembled a 3q-b2 was
exchanged to a 3Lq without dNTPs, the exonu-
clease activity stopped after 1,650 nt were
excised. The processivity and rate (mean ± SEM,
from fitting) appeared to be 830 ± 110 nt (n = 51)
and 3.0 ± 1.0 nt/s (n = 61), respectively.
(E) a 3Lq was introduced in the sample chamber
at 0 s, where a 3q-b2 was already loaded. The slope
seems to have changed in a steeper direction
at 200 s.constructed an 85-bp DNA duplex with a 12-nt gap of ssDNA in
the middle (Figure 4A). The 50-biotinylated end of the DNA sub-
strate was immobilized on a PEG/PEG-biotin passivated surface
via a biotin-streptavidin interaction and the 30-dig end was
blocked to prevent the rapid dissociation of b2, as described pre-
viously (Cho et al., 2014). We detected FRET signals from the
donor Cy3 attached to the 28th nucleotide upstream of the
dsDNA/ssDNA junction and the acceptor Cy5 conjugated to
one of the Cys333 residues of b2 (Cho et al., 2014). After loading
the clamp onto the duplex by incubating it with the g clamp
loader and ATP, we infused a 3q with dNTPs into the sample
chamber at 5 s. The FRET efficiency of 0.52 ± 0.12 decreased
over a few seconds to 0.16 ± 0.08 (Figure 4B). The intermediate
FRET of the first state resulted from preloaded Cy5-b2 rapidly
diffusing on the Cy3-DNA (Cho et al., 2014). As a 3q-b2 promoted
nucleotide incorporation, Cy5-b2 became more distant from
Cy3, thereby decreasing the FRET efficiency.
In contrast, when a 3q was added without dNTPs, the FRET
value initially increased from 0.5 to 0.67 ± 0.12 (Figure 4C).
Thus, a 3q-Cy5-b2 moved closer to Cy3 while removing nucleo-
tides upstream of the dsDNA/ssDNA junction, as anticipated
based on the previous observation (Figure 1). In this experi-
mental condition, the space of 15 bp between the 50-biotin
attached to the surface and the Cy3 on DNA is insufficient to
allow the a 3q-Cy5-b2 complex to excise the Cy3-nucleotide,
since the distance from the back side of b2 to the primer terminusis25 bp (Fernandez-Leiro et al., 2015). Therefore, the a 3q-Cy5-
b2 complex is likely to stop in front of Cy3.
We purposely placed a single thymidine in the ssDNA gap to
examine how the kinetics of a 3q-Cy5-b2 responds when the
complex cannot accomplish nucleotide incorporation in the
absence of dATP. As shown in Figure 4D, the absence of dATP
among dNTPs also decreased the FRET efficiency (to 0.27 ±
0.11), but the FRET value of the final state was significantly
higher than that in the presence of all four dNTPs. The result im-
plies that the a 3q-Cy5-b2 complex stalled at the unique thymidine
site in the gap, and did not generate a mismatch to bypass. This
is consistent with the stable preassembly of the a 3q-b2 complex
in the presence of only dTTP in the flow-stretching experiments
(Figure 1).
Proofreading by a 3q-b2 Is Inhibited When the 3-b
Interaction Is Disrupted
In the previous section, we confirmed that the a 3q-b2 complex,
but not a 3q alone (at the low concentration used), displayed
its catalytic reactions of DNA synthesis and exonuclease activity.
To better resolve its exonuclease activity at higher spatial
resolution, both donor (Cy3) and acceptor (Cy5) were attached
at a 23-bp (7.8 nm) distance on the duplex (Figure 5A), which
is expected to generate a FRET value of 0.2 (Figure S3A). In
the cryoelectron microscopy (cryo-EM) structure of a 3b2t on
primer-template DNA, this places Cy5 in a widely exposedCell Chemical Biology 25, 57–66, January 18, 2018 61
Figure 4. smFRET between Cy3 on a DNA
Substrate and Cy5-Labeled b2 in an a 3q-b2
Complex
(A) A DNA substrate including a 12-nt gap and a
Cy3 donor. The FRET efficiency between Cy3 and
loaded and freely diffusing (Cho et al., 2014)
Cy5-b2 was 0.49 ± 0.14 in the absence of a 3q. For
clamp loading, [b2] = 30 nM, [g3dd
0 ] = 15 nM.
Representative traces of emission intensities and
FRET efficiency and histograms of FRET effi-
ciency before and after the infusion of 30 nM a 3q
at 5 s, with:
(B) +dNTPs (100 mM each);
(C) –dNTPs;
(D) +dGTP, +dTTP, +dCTP (100 mM each), but
–dATP. The FRET values showed transitions from
0.5 to 0.16 ± 0.08 (+dNTPs), 0.67 ± 0.12
(–dNTPs), and 0.27 ± 0.11 (–dATP). All errors in the
FRET efficiency indicate SD. The arrow in each
panel indicates a photo-bleaching step.position between the PHP and fingers domains of a (Fernandez-
Leiro et al., 2015). The unlabeled preloaded b2 clamps did not
affect the FRET of Cy3-Cy5 on the duplex (Figure S3B). After re-
placing the b2 and g clamp loader solution in the sample cham-
ber with just a 3q (but without dNTPs) at 5 s into the observation
period, we observed a gradual increase in the FRET efficiency
from 0.2 to 0.5 due to the shortening transition of dsDNA into
ssDNA between the Cy3-Cy5 FRET pair as a result of exonu-
clease activity (Figures 5B and S3C); the FRET change was not
observed with a 3DEADq (Figure S3D). We also confirmed that
there was no FRET change caused by a 3q alone in the absence
of b2 and that the Cy5 near the ssDNA/dsDNA junction did not
obstruct the diffusion of a b2 clamp or the exonuclease activity
of the a 3q-b2 complex. As expected, because the a 3q-b2 com-
plex incorporates nucleotides, the presence of dNTPs resulted
in decreased FRET efficiency due to the lengthening of DNA in
an alternate reporter DNA construct (Figures S3E–S3H), while
in the absence of dNTPs, FRET efficiency increased modestly
over time due to the exonuclease activity. Together these results
indicate that the exonuclease activity of the a 3q-b2 complex re-
moves nucleotides upstream of the ssDNA/dsDNA junction, as
expected.
Remarkably, however, with the primer-template in Figure 5A,
we observed short-lived pauses during the increase (exonu-62 Cell Chemical Biology 25, 57–66, January 18, 2018clease activity) in many FRET trajectories,
as shown in Figure 5B. The pauses were
identified objectively by applying a step-
finding algorithm to the FRET transition
region of the trajectory (Kalafut and
Visscher, 2008), and occurred in 20%
of trajectories for a 3Qq-b2, increasing to
60%–70% for the wild-type and 3L
cores. The exonuclease activity of a 3q-
b2 showed a broad distribution of FRET
values corresponding to the pauses (Fig-
ure S4A), showing that Pol III stalling
occurs at random positions on the sub-
strate. Critically, the duration of theFRET pauses (tpause) was observed to depend inversely on the
strength of the 3-b2 interaction: pausing of a 3Qq-b2 (30.4 ±
1.5 s) was much longer than of a 3q-b2 (3.7 ± 0.4 s), while that
of a 3Lq-b2 (2.5 ± 0.2 s) was 30% shorter (p = 0.017; Figures 5C
and S4C). This observation strongly suggests that disruption of
the 3-b interaction occurs during the pauses, and stalls exonu-
clease activity.
With a 3Qq-b2, the final FRET of each trajectory reached 0.4
in the total time window (150 s); this was lower than the final
FRET efficiency (0.5) for a 3q-b2 and a 3Lq-b2 (Figure S4B).
This observation implies impaired exonuclease activity of
a 3Qq-b2, consistent with the results of the flow-stretching
assay where exonuclease events were rarely observed (Fig-
ures 2A and 2C). Most of the exonuclease events we have
observed might be stopped at the first pauses, which prob-
ably explains the infrequent pausing of a 3Qq-b2. Therefore,
the transient pauses during exonuclease activity result from
the stochastically fluctuating interaction between 3and b2,
where the interaction is absent during pauses; 3is known to
be highly mobile in the context of the a 3q-b2 complex (Ozawa
et al., 2013).
Unexpectedly, the Cy3 signal abruptly increased soon after
injection of a 3q into the sample chamber to interact with b2
diffusing on DNA (at 5 s in the sample trace in Figure 5B).
Figure 5. The Intermediate State Detected during the Exonuclease Activity of a 3q-b2
(A) A DNA substrate including a Cy3-Cy5 pair and a 12-nt gap. The duplex DNA between Cy3 and Cy5 is degraded and converted to ssDNA by the replicase,
resulting in shortening of the gap and increased FRET efficiency. [b2] = 30 nM, [g3dd
0] = 15 nM, [a 3q] = [a 3Qq] = [a 3Lq] = 30 nM.
(B) Representative trajectories of the emission intensity, the resulting FRET efficiency, and the total intensity of Cy3 and Cy5. Emission of Cy3 was enhanced right
after the proteins were introduced (tloading) and transient pauses (tpause) were observed during the FRET increase.
(C) tpause of a 3Qq-b2 (30.4 ± 1.5 s, n = 46), a 3q-b2 (3.7 ± 0.4 s, n = 82), and a 3Lq-b2 (2.5 ± 0.2 s, n = 67). All error bars in (C, D, F) indicate fitting errors (mean ± SEM).
*p = 1.7 3 102 for tpause of a 3q-b2 and a 3Lq-b2.
(D) a 3Qq-b2: tloading = 45.5 ± 3.9 s (n = 112), ttransition = 2.7 ± 0.2 s (n = 113); a 3q-b2: tloading = 11.2 ± 1.0 s (n = 84), ttransition = 1.3 ± 0.2 s (n = 73); a 3Lq-b2: tloading = 6.8 ±
0.8 s (n = 128), ttransition = 1.2 ± 0.1 s (n = 117). *p = 1.3 3 10
8 for ttransition of a 3Qq-b2 and a 3q-b2, **p = 0.07 for ttransition of a 3q-b2 and a 3Lq-b2.
(E) A representative smPIFE trajectory on the DNA template used in Figure 4 (30 gap DNA) in the presence of a 3q-b2.
(F) A 30 flap DNA template with four mismatched nucleotides. The loading and transition times measured by smPIFE in the presence of a 3q-b2. 30 gap DNA:
tloading = 8.1 ± 1.5 s (n = 100), ttransition = 1.6 ± 0.2 s (n = 98); 3
0 flap DNA: tloading = 19.5 ± 2.6 s (n = 114), ttransition = 0.8 ± 0.1 s (n = 114). *p = 1.53 10
7 for ttransition.The time (tloading) from the injection of a 3q to the increase in
Cy3 fluorescence intensity was inversely dependent on the
concentration of a 3q (Figures S5A–S5E) and was longer for a
weaker interaction between 3and b2 (Figures 5D and S4D),
so it corresponds to loading of the replicase complex, associ-
ated with b2 at the primer terminus. We can exclude a dead
time until the infusion reached the observation volume from
the loading time due to the quick injection of a 3q into the
flow chamber. The time-dependent fluorescence enhance-
ment (ttransition) can therefore be attributed to an event
following loading of a 3q (Figure 5D). Since we did not observe
the fluorescence increase for a 3q-b2 in the presence of dNTPs
(the polymerization mode), and it occurs prior to the onset of
exonuclease activity, it must result from the a 3q-b2 complex
transitioning to the proofreading mode at the dsDNA/ssDNA
junction. However, curiously we have observed a short time
lag (tlag = 2.5 ± 0.3 s) after the fluorescence enhancement
but before initiation of exonuclease activity (Figure S5A).
Neither ttransition nor tlag was affected by strengthening ofthe 3-b interaction by use of 3L compared with wild-type 3, indi-
cating that the 3-b contact must remain intact during these
steps (Figures 5D, S5C, and S5E). Nevertheless, both time
constants were significantly longer for a 3Qq-b2, suggesting dif-
ficulty in correctly positioning 3in the near-complete absence
(Jergic et al., 2013) of the 3-b contact, consistent with the
structural flexibility of the core-clamp complex described by
Ozawa et al. (2013).
To simplify observation of protein induced Cy3 fluorescence
enhancement (single-molecule protein induced fluorescence
enhancement [smPIFE]; Hwang et al., 2011) by the a 3q-b2 com-
plex, we used an identical (30 gap DNA) template, but without
Cy5 (Figure 5E). The Cy3 emission signal increased in the pres-
ence of a 3q with preloaded b2, but without dNTP (Figure 5E).
The loading and transition times (Figure 5F) were nearly identical
to those in Figure 5D. Remarkably, use of a 4-nt unpaired primer-
template DNA at the junction (30 flap DNA) resulted in a 2.5-fold
increase of the loading time (tloading = 19.5 ± 2.6 s; Figures 5F and
S5F), which shows that the 30 ssDNA flap inhibits the initialCell Chemical Biology 25, 57–66, January 18, 2018 63
complex formation of a 3q with the preloaded b2. In contrast, the
unpaired ssDNA at the junction facilitates transition to the proof-
reading mode (ttransition = 0.8 ± 0.1 s; Figures 5F and S5G), since
the 30/50 exonuclease activity of the a 3q-b2 complex favors the
pre-melted 30 ssDNA (Park andO’Donnell, 2009). Taken together
with the observation of the presence of PIFE in the proofreading
mode, the results are consistent with the notion that the exonu-
clease activity is normally initiated a few seconds after complex
formation, denoted as twaiting (= ttransition + tlag; Figure S5A). This
waiting time did not significantly depend on the 3-b binding
strength or the concentration of a 3q (Figures 5D, S4E, S5D,
and S5E), and the significant decrease of ttransition at the unpaired
primer-template DNA reflects shortening of the time normally
required for melting of the dsDNA/ssDNA junction to access
the active site of 3(Hamdan et al., 2002a).
We conclude that transition from polymerization to proof-
reading modes occurs without major conformational rearrange-
ments that would result from opening of the 3-b interaction. We
also suspect that a time lag (2.5 s) might indicate the existence
of an intermediate state during transition to the conformation of
the exonuclease before initiation of nucleotide excision.
DISCUSSION
Wehave been successful for the first time in visualizing individual
DNA Pol III molecules in the proofreading mode. The a 3q-b2
complex was reconstituted at a dsDNA/ssDNA junction in the
presence of a single dNTP, preventing both its processive
proofreading and polymerization activities. Indeed, smFRET ex-
periments revealed that when an a 3q-b2 complex could not incor-
porate a nucleotide into the template it was indefinitely stalled,
probably due to futile cycles of nucleotide misincorporation and
proofreading (Figure 4). Nevertheless, the 30/50 exonuclease
activity of preassembled a 3q-b2 initiated after removing dNTPs
from solution. The average exonuclease rate (2 nt s1) of single
replicase complexes is 200-fold slower than the polymerization
rate (Tanner et al., 2008), which is consistent with ensemble
measurements: the rate of the exonuclease alone is dramatically
reduced (k < 0.04 s1) for duplex DNA versus ssDNA (k > 200 s1)
(Reems et al., 1991; Miller and Perrino, 1996), and showed a
strong temperature dependence (Brenowitz et al., 1991). These
results imply that a slow step of the exonuclease reaction is the
thermal melting of the dsDNA/ssDNA junction to allow the termi-
nus of the mismatched primer to reach and become stabilized at
the proofreading active site, which explains the decrease of
ttransition on the 3
0 flap DNA (Figure 5F). In previous ensemble ex-
periments, theprocessivity ofPol III in theexonucleasemodewas
shown to be > 44 nt (Reems et al., 1991). This single-molecule
study clearly shows that a single a 3q-b2 complex is remarkably
more processive (500 nt) and stable over several minutes in
the proofreading mode. In fact, we have not observed significant
nucleotide excision by a 3q in the absence of b2 even in smFRET
experiments with nanometer spatial resolution. The results
demonstrate that a loaded b2 clamp stabilizes a 3q through its
direct interaction with 3during exonuclease activity, as shown
previously in the polymerization mode (Jergic et al., 2013).
The dramatic decrease of the exonuclease activity of a 3Qq, in
which 3weakly interacts with b2, is also strong evidence that the
3-b contact in a 3q-b2 is required for both proofreading and poly-64 Cell Chemical Biology 25, 57–66, January 18, 2018merization modes (Figure 2). These results, therefore, extend our
previous model (Jergic et al., 2013) that the overall polymeriza-
tion rate is dependent on an equilibrium between open and
closed states modulated by the strength of the 3-b interaction
to include a similar mechanism affecting the rate in the proof-
reading mode as well. That the 3-b interaction is intact in the
proofreading mode is consistent with the recent cryo-EM struc-
ture of a Pol III core-b2 complex in this mode (Fernandez-Leiro
et al., 2017).
We initially hypothesized that in the absence of dNTPs, bursts
of faster exonuclease activity in the closed state are interspersed
by futile attempts to transfer back to the polymerization mode via
an intermediate, more open, state in which the 3-b interaction is
broken; i.e., the 3-b interaction is intact in both replicase modes,
but is disrupted during transition between them. We therefore
used smFRET and smPIFE to explore how a primer may be
transferred from the polymerase (a) to the exonuclease active
site ( 3). Wewere able to observe this transition after initial loading
of a 3q on b2 at the primer terminus (Figures 5B and 5E), but the
time constant describing it (ttransition) was independent of the
strength of the 3-b interaction (Figure 5D), implying that primer
transfer must also occur in a closed state of the complex.
Nevertheless, we did observe pausing events in time trajec-
tories of the exonuclease activity in both the flow-stretching
assay (Figures S2D–S2F) and smFRET experiments (Figures
5B, 5C, S4A, and S4C); such pauses were not observable in
the polymerization mode (Tanner et al., 2008; Jergic et al.,
2013). The pause frequency in the flow-stretching assay was
measured to be lower than that in the smFRET experiments
due to much poorer time and spatial resolution. The increase
of the dwell time of the pauses in smFRET experiments, when
the 3-b interaction is weaker (Figures 5C and S4C), excludes
that pausing results from base-pair melting at the ssDNA/dsDNA
junction. Although it has been previously reported that E. coli
Pol I (Santoso et al., 2010) and phage f29 polymerase (Ibarra
et al., 2009) also showed stalling during exonuclease activity,
attributed to the transfer of mismatched primers between the
two active sites, we have no evidence of this with Pol III.
Thus, we suggest that the a 3q-b2 pausing results from
breaking of the physical interaction between 3and b during
proofreading, but is not associated normally with the bidirec-
tional transfer of themismatched primer between the a and 3cat-
alytic sites. The highly mobile 3is expected to induce a large
conformational change of a 3q-b2 during the pausing event
(Ozawa et al., 2013). The resulting conformation dissociates 3
from b2, for which the affinity is low (KD 200 mM) (Jergic et al.,
2013), while a remains bound to the other site in b2. The open
structural state of a 3q-b2 is also likely reflected in the dynamic
polymerase core exchange observed in the proofreading mode
(Figure 3), presumably involving release of the 3CBM from b2
for the entry of other b-binding proteins, while the a CBM initially
remains tethered to the other protein-binding pocket of b2 (Sut-
ton, 2010; Kath et al., 2014; Lewis et al., 2017).
TheCBM inE. coli 3has apparently evolved to be a rather weak
one to provide a fine balance between the need to ensure high
rate and processivity of the replicase, while enabling detachment
of 3from b2 to enable both polymerase exchange and entry of a
TLS polymerase when a lesion is encountered (Kath et al., 2014).
Defects in proofreading can be detected in vivo as an elevated
mutation rate, i.e., a mutator phenotype. Modulation of the fine
balance in the 3Q and 3L mutant dnaQ genes might be predicted
in both cases to produce amutator phenotype in vivo, as recently
observed byWhatley and Kreuzer (2015); the 3Qmutant would be
less able to establish the 3-b contact required for proofreading,
while 3L would interfere with entry of other b2-binding proteins
into the replisome when required for DNA repair and other
normal processes.
SIGNIFICANCE
For chromosomal DNA replication in E. coli, the replicative
polymerase III (Pol III) core (a, 3, and q complex) physically
interacts with a sliding DNA clamp (b2). Using a novel sin-
gle-molecule flow-stretching technique, complemented by
single-molecule FRET experiments, we found that E. coli
Pol III core-b2 complex is remarkably processive in the
proofreading mode, and the physical interaction between
the exonuclease ( 3) and b2 domains is ‘‘dynamic’’ during its
proofreading activity. We show that 3interacts directly with
b2 in both the polymerization and proofreading modes.
Remarkably, single-molecule real-time fluorescence imag-
ing revealed the dynamics of transfer of primer-template
DNA between the polymerase and proofreading sites,
showing that it does not involve breaking of the physical
interaction between 3and b2.
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STAR+METHODSKEY RESOURCES TABLEREAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-digoxigenin, Fab fragments (from sheep) Roche 11214667001; RRID: AB_514494
Anti-digoxigenin (from sheep) Roche 11333089001; RRID: AB_514496
Bacterial and Virus Strains
Escherichia coli BL21(lDE3)recA Williams et al., 2002 N/A
Chemicals, Peptides, and Recombinant Proteins
KasI New England Biolabs R0544S
Nb.BbvCI New England Biolabs R0632S
SYBR Gold Life Technologies S11494
Cesium chloride (CsCl) Sigma C4036
Ethidium bromide (EtBr) Sigma E1510-10ML
GeneRuler DNA Ladder mix, ready-to-use Thermo Fisher Scientific SM0331
T4 DNA ligase Roche 10481220001
Cy3/Cy5 NHS Ester GE Healthcare PA13101 / PA15601
Dynabeads M-280 Tosylactivated Life Technologies 14203
Biotin-PEG-SVA, MW5000 Laysan Bio Biotin-PEG-SVA-5000-100mg
mPEG-succinimidyl valerate, MW5000 Laysan Bio MPEG-SVA-5000-5g
Neutravidin protein ThermoFisher 31000
E. coli DNA Pol III HE subunits a, d and d0 Wijffels et al., 2004 N/A
E. coli DNA Pol III HE subunit g Ozawa et al., 2005 N/A
E. coli DNA Pol III HE sliding clamp b2 Oakley et al., 2003 N/A
E. coli DNA Pol III HE subunits 3and q Hamdan et al., 2002b N/A
Subunit 3variants: 3L, 3Q and 3D12A,E14A ( 3DEAD) Jergic et al., 2013 N/A
Pol III core assemblies: a 3q, a 3Lq, a 3Qq and a 3DEADq Jergic et al., 2013
Tanner et al., 2008
N/A
Minimal clamp loader subassembly: g3dd
0 Jergic et al., 2013 N/A
Cy5 conjugated b2 sliding clamp Cho et al., 2014 N/A
Oligonucleotides
Oligos for constructing 45.7 kb DNA, see Method Details Integrated DNA Technology N/A (custom order)
Oligos for constructing short DNAs, see Method Details Integrated DNA Technology / Bioneer N/A (custom order)
Recombinant DNA
l phage DNA New England Biolabs N3011S
p1644 plasmid for preparation of nicked DNA This work N/A
Software and Algorithms
OriginPro 8 OriginLabs N/A
Excel Microsoft N/A
Diatrack 3.0 Vallotton and Olivier, 2013 http://www.diatrack.org
Matlab R2013b Mathworks N/A
IDL 6.4 Exelis Visual Information Solutions N/A
Custom IDL scripts Taekjip Ha (Johns Hopkins Univ.) N/A
Custom Matlab scripts This work
Cell Chemical Biology 25, 57–66.e1–e4, January 18, 2018 e1
CONTACT FOR REAGENT AND RESOURCE SHARING
The singly-nicked 7.3 kb DNA template for the ensemble assay was a kind gift from Dr. YaoWang (University of Wollongong). Further
information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jong-Bong Lee
(jblee@postech.ac.kr).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines and Culture Conditions
All proteins and plasmids used for in vitro studies were purified from Escherichia coli K-12 strain BL21(lDE3)recA (Williams et al.,
2002) as described in the text/resource table.
METHOD DETAILS
Replication Proteins
Overexpression and purification of subunits and complexes constituting Pol III holoenzyme have been described as follows: a, d
and d0 (Wijffels et al., 2004), g (Ozawa et al., 2005), b2 (Oakley et al., 2003), q (Hamdan et al., 2002b). The 3subunit and its variants
3L, 3Q and 3D12A,E14A ( 3DEAD) were as described (Hamdan et al., 2002b; Jergic et al., 2013). Pol III core assemblies, a 3q, a 3Lq, a 3Qq
and a 3DEADq, and the g-clamp loader (g3dd
0) complex were assembled from purified subunits (Tanner et al., 2008; Jergic et al.,
2013). Cy5 conjugation to Cys333 of one subunit of b2 using the cysteine-maleimide chemistry has also been described (Cho
et al., 2014).
45.7 kb DNA for Flow-Stretching Assay
To construct the 45.7 kb DNA with 30-biotin and 50-digoxigenin (dig) ends on the same strand, l phage DNA (New England Biolabs,
USA) was cleaved with restriction endonuclease KasI, generating 45.7-kb and 2.8-kb fragments. The 30-biotin (94 nt), 50-dig (57 nt)
and linker (19 nt) oligonucleotides were added and annealed after heating at 65C for 5 min and slowly cooling to room temperature
before ligation using T4 DNA ligase (Roche, USA) with 1 mM ATP for 16 h at 4C.
Sequences of oligonucleotides used to construct templates for flow-stretching experiments (dT43 and p- indicate 43 nt long poly-
thymidine and 50-phosphorylation, respectively) were:
30-biotin: 50-p-AGG TCG CCG CCC AGT TAC AGA TTT ATG GTG ACG ATA CAA ACT ATA GAG TGA dT43-/biotin/;
50-dig: 50-/dig/-GTA TCA TGA TTG TAG GTA CAC GTC AGC GAC AAG AGG CAG ACA TGA TGA ATT CTA ATG;
Linker: 50-p-GCG CCA TTA GAA TTC ATC A.
Short DNAs for FRET and smPIFE Assays
The gapped duplex DNA was constructed after annealing PAGE- or HPLC-purified oligonucleotides (IDT, USA or Bioneer, Korea).
Before annealing, Cy3 or Cy5 NHS-ester dyes (GE Healthcare, USA) were conjugated to the oligonucleotides that contain Amino
Modifier C6 dT linker (C6dT). A total of 2 ml of oligos (1 mM, dissolved in deionized water) were mixed with 2 ml of Cy3- or Cy5-
NHS (20mM, dissolved in DMSO) in 10 ml of 0.1M sodium tetraborate (pH 8.5). After incubating overnight, excess dyeswere removed
through ethanol precipitation. The gapped duplex DNAswith Cy3 alone (Figures 4A, 5E, and 5F) or both Cy3 andCy5 (Figure 5A) were
generated bymixing: Long-85nt, Biotin-Cy3-A, and Dig-30nt (for Figures 4A and 5E); Long-Cy5-85nt, Biotin-Cy3-T, and Dig-30nt (for
Figure 5A); or Long-85nt, Biotin-Cy3-mismatch, and Dig-30nt (for Figure 5F) at a 1:1.2:1.4 molar ratio in annealing buffer (10 mM
Tris.HCl at pH 8.0, 100 mM NaCl, 1 mM EDTA), incubation at 90C for 5 min, then slow cooling to room temperature (> 3 h).
Sequences of oligonucleotides used in smFRET and smPIFE experiments:
Long-Cy5-85nt: 50-ATG CGT ATC ATG ATT GTA GGT ACA CGT CAG AAG CCA GTC GCA CAG C/C6dT-Cy5/C CAC AGC ACG
CGC ACA GAC AGC ACT GGA GTC CGT AGA A;
Biotin-Cy3-T: 50-/biotin/-TTC TAC GGA CTC CAG /C6dT-Cy3/GC TGT CTG TGC GCG TGC TGT GGA GCT G;
Long-85nt: 50-ATG CGT ATC ATG ATT GTA GGT ACA CGT CAG AAG CCA GTC ACA CAG CAC CAC AGC ACG CGC ACA GAC
AGC ACT GGA GTC CGT AGA A;
Biotin-Cy3-A: 50-/biotin/-TTC TAC GGA CTC CAG /C6dT-Cy3/GC TGT CTG TGC GCG TGC TGT GGT GCT G
Biotin-Cy3-mismatch: 50-/biotin/-TTC TAC GGA CTC CAG /C6dT-Cy3/GC TGT CTG TGC GCG TGC TGT GGT AAA A;
Dig-30nt: CTG ACG TGT ACC TAC AAT CAT GAT ACG CAT-/dig/-30.
2.8 mm Super-Paramagnetic Beads
Tosylactivated beads (Life Technologies, M-280, 2.8mm) were functionalized with antidigoxigenin (anti-dig) Fab fragments (Roche).
A re-suspended bead stock (165 ml) was transferred to a 1.7 ml microtube, which is placed on amagnet (Dynal MPC). When the liquid
became transparent after the beadswere attracted to the tube surface due to themagnet, the supernatant was carefully removed and
replaced by 1ml of Buffer B1 (0.1MH3BO3, pH 9.5 in deionizedwater). The solutionwasmixed by vortexing, and the supernatant was
removed once again by the same procedure. Buffer B1 (50 ml) and 100 ml of anti-digoxigenin Fab (1 mg/ml) were added to the beads,
and then mixed gently by tapping. Then 100 ml of Buffer B2 (3 M (NH4)2SO4 dissolved in Buffer B1 or 0.1 M Na-phosphate buffer thate2 Cell Chemical Biology 25, 57–66.e1–e4, January 18, 2018
contains 0.02 M of NaH2PO4 and 0.08 M of Na2HPO4) were added, followed by a gentle tapping. The solution was incubated for 12–
17 h at 37C with slow rotation to prevent the aggregation of the beads. The supernatant was removed using the magnet, and incu-
bated another 1 h at 37C after the addition of 1 ml of Buffer B3 [1x PBS pH 7.4 with 0.5% (w/v) BSA]. The supernatant was removed,
and 1ml of Buffer B4 [1x PBS pH 7.4 with 0.1% (w/v) BSA] was added, followed by a gentle tapping for 2min. After repeating this step
one more time, 400 ml of fresh Buffer B4 was added for storage at 4C.
Flow-Stretching Assays
The 45.7-kb DNA was immobilized on a PEG/PEG-biotin (Laysan Bio, USA) surface using the biotin–neutravidin interaction, and a
2.8 mm anti-dig antibody-coated superparamagnetic bead (Invitrogen, USA) was attached to the 50-dig end of the DNA in 20 mM
Tris-HCl (pH 8), 2 mM EDTA, 50 mM NaCl, 0.1 mg ml–1 BSA and 0.025% Tween 20. Replication proteins and dNTPs (as indicated)
were infused in 25 mM Tris-HCl (pH 7.5), 100 mM NaCl, 8 mMMgCl2, 10 mM dithiothreitol, and 1 mM ATP. The beads were imaged
using an optical microscope with a 10x objective (NA = 0.4, Olympus) and data recorded using a CCD (QImaging, RETIGA 2000R)
camera at a 500 ms sampling rate using MetaVue (Molecular Devices) software.
Ensemble DNA Replication Assays
The 7.3-kb colE1 plasmid p1644, which contains a single recognition site for the nicking endonucleaseNb.BbvClwas extracted from
a BL21(lDE3)recA culture using a Maxiprep kit (Qiagen) and further purified by cesium-cloride (CsCl) gradient centrifugation in the
presence of ethidium bromide (EtBr). Recovered supercoiled plasmidwas nicked usingNb.BbvCl, then subjected to another round of
CsCl/EtBr gradient centrifugation. The upper of the two bands was finally isolated, yielding purified singly-nicked plasmid DNA.
The standard exonuclease assay contained 50 nM g3dd
0 clamp loader complex, 200 nM b2, 100 nM of the indicated cores (a 3Lq, a 3q
or a 3Qq), 1 mM ATP and 3.1 nM nicked (7.3 kb) DNA template in a replication buffer comprised of 20 mM Tris.HCl at pH 7.6, 10 mM
MgCl2 and 10 mM dithiothreitol, in a final volume of 13 ml. All components were mixed on ice, reactions were then initiated by quick
transfer to a 30Cwater bath and quenched after denoted times by the addition of a 12 ml quenching buffer containing 200mMEDTA,
2% (w/v) SDS, 0.08% (w/v) bromophenol blue, 0.08% (w/v) xylene cyanol and 10% (v/v) glycerol. Final mixtures were treated for
5min at 42C and loaded onto a 0.66% agarose gel in 2x TAE buffer together with a sample(s) of GeneRuler DNA Ladder mix (Thermo
Fisher Scientific). Products were separated by electrophoresis at 70 V for 150 min. Resolved gel products were stained for 1.5 h in
SYBR Gold (Life Technologies) and DNA bands visualized under 302-nm UV light using a Gel DocTM XR+ system (Bio-Rad, Hercu-
les, CA).
Single-Molecule Fluorescence Imaging
Approximately 10 pMof the duplex DNAwas incubated on the PEG/PEG-biotin quartz surface for 5min and the free endwas blocked
with 50 nM anti-dig antibody (Roche) for 10 min. Approximately 30 nM of b2 clamp, 15 nM of g clamp loader (g3dd
0) and 1 mM ATP
were incubated for 2 min to load b2 onto immobilized DNA. Subsequently, the reaction buffer (500 ml) containing Pol III cores at the
indicated concentrations were injected into the reaction chamber (6 ml), displacing excess g clamp loader and b2 in solution. The re-
action buffers were identical to those described in the flow-stretching assay, except for the addition of an oxygen scavenging system
(1–2 mM Trolox, 0.8% (w/v) D-glucose, 165 U ml–1 glucose oxidase, 2,170 U ml–1 catalase). Emission signals from both a Cy3 donor
excited with a 532 nm DPSS laser (Cobalt, 100 mW) and an Cy5 acceptor were collected in a wide-field prism-type total internal
reflection fluorescencemicroscopy (TIRFM) setup using an inverted optical microscope (Olympus, IX-71) with a 60xwater-immersion
objective (NA = 1.2, Olympus). A neutral density (ND) filter (Thorlabs, NDC-25C-4M) was used to adjust the incident intensity (10mW).
The FRET signals were recorded using an EM-CCD camera (Hamamatsu, C9100-13, Japan) and MetaMorph software (Molecular
Devices, USA) at a 30-ms time resolution. For PIFE experiments, we measured Cy3 signals emitted from the gapped duplex DNA
with Cy3 alone for 30 gap DNA (Figure 5E) or Cy3 and mismatched nucleotides for 30 flap DNA (Figure 5F) using methods identical
to the FRET experiments.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data fitting and statistical analyses were done using OriginPro8 (OriginLabs, USA) and Excel (Microsoft, USA). For sample compar-
isons, Student’s t-test with two samples was performed for sample comparison assuming equal or unequal variances. Each pair of
variances was determined to be equal or not through F-test. All tests were executed in Excel. Details of statistical values are reported
in each Figure Legend.
Flow-Stretching Assays
The position of the bead was determined and tracked using 2D Gaussian fitting with 10-nm accuracy. The collected data were
analyzed using DiaTrack3.0 software (Semasopht, Austrailia), Matlab R2013b (Mathworks Inc., USA), and OriginPro8 (OriginLab,
USA). We converted the position of the bead measured in nm to the number of nucleotides excised. To determine the conversion
factor of 3.2 nt nm–1, we first measured the difference of the bead positions between 45.7 kb ds and ssDNA at an applied drag force
of 2.5 pN and divided the total number of nucleotides by the difference in extension between ds and ssDNA. The net drag force acting
on the bead was calculated using a vector sum of the magnetic force (z-axis) perpendicular to the sample chamber surface and the
hydrodynamic force (x-axis), determined after measuring themean-square displacement of a bead in the transverse direction of eachCell Chemical Biology 25, 57–66.e1–e4, January 18, 2018 e3
force (Park et al., 2010). We measured the full width half maximum (FWHM) of the Brownian fluctuations of DNA-attached beads in
the flow direction in the absence of proteins. The curve of the FWHMs (n = 140) was a normal distribution from which we
obtained an average of the FWHM as 38 ± 5 nm (mean ± SD) at a frame rate of 2 Hz and 2.5 pN. The spatial resolution corresponds
to 38 nm x 3.2 nt nm–1 = 121.6 nt when dsDNA is converted into ssDNA. The exonuclease rates were determined as a linear fit to the
middle 70% of individual slopes in the time trajectory.
Single-Molecule Fluorescence Imaging
We used amixture of double- and single-Cy5 labeled b2 for the single-molecule FRET experiments. The ratio of single- to double-Cy5
labeled b2 was determined to be 9:1 as determined by double-Cy5 labeled b2 showing two photobleaching steps in the single-mole-
cule intensity trajectory. We rarely observed the two-step photobleaching in our experiments. We excluded the FRET signals of dou-
ble-labeled b2 from the data analysis by recording photobleaching steps in all experiments, so the single-molecule data we present
were analyzed exclusively from single-Cy5 labeled b2. The time course of individual FRET efficiency traces was obtained using IDL
(Exelis Inc., USA) and Matlab R2013b scripts considering Cy3 leakage to the Cy5 channel and a correction factor (Park et al., 2010).
DATA AND SOFTWARE AVAILABILITY
Custom IDL and Matlab scripts were used to analyze fluorescence imaging data. Since the original IDL scripts were kindly provided
by Dr. Taekjip Ha’s laboratory (Johns Hopkins Univ., Baltimore), it is not appropriate for us to distribute them. The Matlab scripts are
available upon request to J.-B. Lee (jblee@postech.ac.kr).e4 Cell Chemical Biology 25, 57–66.e1–e4, January 18, 2018
